The allopolyploid speciation process faces the genomic challenge of stoichiometric disruption caused by merging biparental nuclear genomes with only one (usually maternal) of the two sets of progenitor cytoplasmic genomes. The photosynthetic protein 1,5-bisphosphate carboxylase/oxygenase (Rubisco) is composed of nuclear-encoded small subunits (SSUs) and plastome-encoded large subunits (LSUs), making it an ideal enzyme to explore the evolution process of cytonuclear accommodation. We investigated the variation of SSUs and their encoding rbcS genes in synthetic nascent rice (Oryza sativa L.) allotetraploid lineages, formed from the parental subspecies japonica and indica of Asian rice. The evolution of rbcS genes in rice subspecies involves both mutation and concerted homogenization. Within reciprocal rice hybrids and allopolyploids, there was no consistent pattern of biased expression of rbcS alleles or homeologs, nor was there biased gene conversion favoring the maternal gene copies. Instead, we observed an apparently stochastic pattern of rbcS intergenomic gene conversions and biased expression of rbcS homeologs. We conclude that in young rice allopolyploids, cytonuclear coordination either is not selectively favored because of high parental sequence similarity or because there has been insufficient time for subtle selective effects to become observable. P olyploidy, involving the combining of two or more sets of diploid parental nuclear genomes, recursively occurs during plant evolution, generating modern plant lineages that are considered to be paleopolyploid (having • This study characterized the evolutionary features of rbcS genes in diploid rice subspecies and investigated the cytonuclear coevolution of Rubisco genes (biparentally inherited nuclear rbcS and unimaternal plastid rbcL genes encoding small subunits and large subunits, respectively) in synthesized rice hybrids (9N and N9) and allotetraploids (99NN and NN99).
diploidized genomes) and neopolyploids (recently evolved polyploids) (Jiao et al., 2011; Wendel, 2015) . Allopolyploids, which involve genome mergers arising from hybridization and subsequent genome doubling, typically arise with no change in the accompanying plastid and mitochondrial genomes, but with only one parental set of organellar genomes (Wendel et al., 2016) . Allopolyploids often exhibit complex molecular alternations, including gene conversions between homeologous copies (Page et al., 2016; Salmon et al., 2010) , loss of DNA fragments (Buggs et al., 2012; Doyle et al., 2008; Jackson and Chen, 2010) , nonadditive dominant and biased expression in gene transcription (Grover et al., 2012; Yoo et al., 2013) and translation (Hu et al., , 2015 Koh et al., 2012) , and various epigenetic modifications (Guan et al., 2014; Lukens et al., 2006; Madlung and Wendel, 2013; Song and Chen, 2015) .
In addition to genetic and epigenetic responses in the nuclear genome, the combination of parental nuclear genomes with typically only one set of maternal progenitor organellar genomes raises questions concerning potential nuclear-cytoplasmic stoichiometric disruptions and other cytonuclear interactions that may be important to the allopolyploidization process. Different aspects of cytonuclear coevolution have been explored for both plants and animals, including coadaptive cytonuclear mutations (Rand et al., 2004) , cytonuclear coordination effects on population fitness (Burton et al., 2013; Caruso et al., 2012) , nuclear genome imprinting via cytonuclear epistasis (Wolf, 2009) , and the cytonuclear processes involved in hybrid breakdown and incompatibilities (Burton et al., 2013; Fishman and Willis, 2006; Levin, 2003; Sloan, 2015) . Cytonuclear coordination or coevolution in the context of allopolyploidization remains underexplored, with few applications to natural allotetraploid systems Gong et al., 2012) . As in these previous studies, here we adopted the cytonuclear co-encoded Rubisco complex as our research model, in which the component SSUs and the large subunits are encoded by a nuclear rbcS multigene family and a single plastid rbcL gene (Rodermel et al., 1996) , respectively.
We previously studied Rubisco in five classical natural and recent allopolyploid lineages, including Arabidopsis, Arachis, Brassica, Gossypium, and Nicotiana (Gong et al., 2012 , and showed that intergenomic gene conversions [introduction of parental diagnostic single nucleotide polymorphism (SNPs) into different homeologs] occurred in the functional domain of SSUs in a biased direction, with maternal amino acid states being favored (Gong et al., 2012 . Biased expression of "maternal-like" rbcS homeologs was also detected across all studied polyploid lineages, suggesting that this may be a common transcriptional response to allopolyploidy (Gong et al., 2012 . A more recent analysis in Tragopogon miscellus Ownbey allopolyploids revealed the preferential maintenance and expression of maternal rbcS1 homeologs (Sehrish et al., 2015) , consistent with our earlier results (Gong et al., 2012 .
Here, we continue to explore this aspect of the allopolyploidization process by studying Rubisco in a monocot, namely rice, asking whether similar biases in the expression and direction of gene conversions occur during the earliest stages of the allopolyploidization process. Our study involved synthesized reciprocal hybrids and allotetraploids constructed from the subspecies japonica and indica of Asian rice. Interestingly, after the genome merger, there was no consistent biased allelic expression of rbcS alleles within the same reciprocal hybrid; after genome doubling, no consistent gene conversions occurred among rbcS homeologs within the same or among different allotetraploids. We hypothesize that there probably has either been insufficient time to optimize cytonuclear coordination or that the two subspecies are insufficiently divergent in cytonuclear biology to create imbalances following hybridization and genome doubling.
Materials and Methods

DNA and RNA Extraction and cDNA Synthesis
Reciprocal hybrids (9N and N9) and the corresponding allotetraploids (99NN and NN99) between parental 'Nipponbare' and '93-11' cultivars of the Asian rice subspecies O. sativa ssp. japonica and indica were synthesized as described previously (Xu et al., 2014) . Briefly, initial reciprocal hybrids (9N and N9) were obtained by reciprocal crossing Nipponbare and 93-11 individuals. S 0 -generation 99NN and NN99 allopolyploids were synthesized via colchicine treatment on the tillers of reciprocal hybrids. Successive selfing of allotetraploid individuals in the proceeding generations produced allotetraploid offspring in the next generation. To avoid any potential pollen contamination, we strictly bagged all the panicles of each polyploid individual at each generation of reproduction. Only euploid allotetraploid individuals with four complete sets of the chromosomes were used for producing allotetraploid offspring.
Seedling leaves (the fourth post-cotyledonary leaf) germinated from individual seeds of parental O. sativa L. ssp. japonica Nipponbare (abbreviated "N") and indica 93-11 (abbreviated "9"), reciprocal hybrids, and the seventh-selfed generation old allotetraploids (euploid offspring produced by selfing sixth-selfed generation allotetraploids; Supplemental Fig. S1 ), were collected independently and subsequently divided into two parts, from which the genomic DNA and total RNA were extracted following the cetyltrimethyl ammonium bromide method and with Trizol reagent (Roche Diagnostics GmbH, Mannheim, Germany), respectively. cDNA synthesis was completed by following methods described previously (Gong et al., 2012) Polymerase Chain Reaction Amplification, Cloning, and Sanger Sequencing Available rbcS and rbcL gene sequences of two rice subspecies were downloaded from the National Center for Biotechnology Information for the primer design (Supplemental Table S1 ). The primer design strategy has been described elsewhere (Gong et al., 2012 Table S1 .
Polymerase chain reactions (PCRs) and PCR programs amplifying rbcS and rbcL cloning of the PCR products, and Sanger sequencing also followed earlier methods (Gong et al., 2012) . The annealing temperatures were adjusted accordingly for each specific primer (Supplemental Table S1 ). Reverse transcription was completed using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix kit (Cat. No. AT311-03, Transgen, TransGen Biotech Co., Ltd. Beijing, China). Amplification of rbcS cDNAs was accomplished by using the same sets of primers designed for amplifying genomic rbcS genes.
To avoid potential false rbcS recombination artifacts generated during PCR amplification, as described previously (Gong et al., 2012 , three parallel independent PCRs were performed for each sample. Only the rbcS copies supported by at least 25% valid clones from each independent PCR were accepted as bona fide rbcS copies. Polymerase chain reaction products were ligated into the pMD18-T vector (Cat. No. 6011, Takara Biomedical Technology Co. Ltd., Beijing, China) and transformed into competent cells. Subsequently, Sanger sequencing was completed by the Shanghai Sangon Biotech company.
Sequence Alignment and Phylogenetic Reconstruction
The MAFFT online tool and manual adjustment were used to align all sequenced genes (Katoh and Standley, 2013) . Exonic synonymous and nonsynonymous substitutions were tabulated. The evolutionary and phylogenetic histories of the rbcS multigene family in the two rice subspecies were inferred via parsimony analysis.
Identification of Diagnostic SNPs and Gene Conversions
According to the procedure described previously (Gong et al., 2012 , orthologous diagnostic SNPs of rbcS genes, including the within-group gene-specific SNPs and allelic SNPs (allele-specific SNPs), were inferred from the MAFFT sequence alignment. Because only seven generations of selfing were available, there were no automorphic homeologous SNPs generated in either allotetraploid. Thus gene conversions were inferred on the basis of the exchanges of orthologous SNPs among different rbcS homeologs in each allotetraploid individual. Identification of intergene conversions (maternal-topaternal and paternal-to-maternal conversions) refers to the procedure described Salmon et al., 2010) . As defined before, to avoid false gene conversions from the artificial PCR recombinants, only rbcS recombinants occurring as bona fide rbcS copies were used at input in the above gene conversion analyses.
Quantification and Comparison of Allelic and Homeologous Expression Based on RNaseq
Next-generation RNA sequencing data of leaves in the diploid parents and reciprocal hybrids (9N and N9) were downloaded from the Sequence Read Archive databases in the National Center for Biotechnology Information (accession no. SRP035332). In addition, we completed RNAseq analysis for allotetraploid samples by using the Illumina Hiseq 4000 (Illumina, Inc. San Diego, CA) platform (paired-end sequencing, read lengths of 150 bp; unpublished data). Allelic and homeologous expression were determined and compared following procedures described previously . A binomial test was used to evaluate bias in allelic and homeologous expression, in which parental allelic or homeologous expression in each rbcS group were set as successful and failed trials of the "binom.test function" in R (with the hypothesized probability of success being p = 0.5), respectively.
Results
Little Divergence of Maternally Inherited rbcL Genes
Plastid rbcL genes in parental diploids, reciprocal hybrids (9N and N9), and the corresponding allotetraploids were cloned and sequenced (Supplemental Table S1 ). Only one synonymous substitution was detected between the parental rbcL orthologs (adenine in 93-11 and guanine in Nipponbare at Position 840; Supplemental Fig. S2 ). Sequence comparison to rbcL genes cloned in reciprocal hybrids and allotetraploids confirmed stable maternal inheritance following the genome merger and doubling (Supplemental Fig. S2 ).
rbcS Composition in Parental Diploids
To ensure the fidelity of rbcS genes' composition and their sequence accuracy, we designed primers amplifying the full length of each rbcS gene copy with the genome assemblies of japonica and indica rice (International Rice Genome Sequencing Project, 2005; Yu et al., 2002) . The primer sets were able to specifically amplify both orthologs in each rbcS group in both subspecies (Supplemental Table S1 and Supplemental Table S2 ). Five pairs of rbcS orthologs were cloned and sequenced, among which rbcS1 is located in isolation on chromosome 2, whereas rbcS2 through rbcS5 are clustered on chromosome 12.
Sequence alignments and transcriptional analyses of rbcS orthologs revealed that rbcS1 orthologs were the most divergent from the other rbcS copies in terms of gene structure, nucleotide composition and transcription. Specifically, there are two introns in rbcS1, but only one intron in the clustered rbcS copies (Supplemental Fig. S3 ). Within exonic regions, there are 210 to 216 and 211 to 214 substitutions between rbcS1 and the other rbcS genes, which include 79 to 92 (japonica cultivar Nipponbare) and 79 to 91 (indica cultivar 93-11) exonic synonymous substitution sites and 124 to 134 (Nipponbare) and 123 to 133 (93-11) nonsynonymous substitution sites ( Fig. 1 and Supplemental Table S3 ); however, as for the clustered rbcS ortholog groups, they have a higher level of withingroup sequence similarity, with ~50.5 synonymous and ~8.5 nonsynonymous substitution sites on average in both Nipponbare and 93-11. In addition, although all rbcS copies were confirmed to be expressed in leaf tissue, transcriptional expression of rbcS1 was significantly lower than that of other orthologs, as judged from reverse transcription-PCR amplification (Supplemental Fig. S4 ). This result is consistent with previously reported results that rbcS1 is constitutively expressed at low levels in leaves (Morita et al., 2014) (Supplemental Fig. S4 ).
For the rbcS1 ortholog group, there are no diagnostic SNPs, so rbcS1 alleles and homeologs were excluded from analyses of possible genome conversion and transcriptional bias. Variable SNP positions were observed, however, within and among the rbcS2 to rbcS5 orthologs ( Fig. 1 ), which were parsed into the following categories: (i) stably inherited gene-specific SNPs, where the SNPs distinguish a specific rbcS ortholog (filled arrows, Fig. 1 ), and (ii) allelic SNPs (allele-specific SNPs), where SNPs distinguish alleles from the two parents (hollow arrows, Fig. 1 ). Overall, 80 genic and 23 allelic SNPs were detected. Eight positions contain both genic and allelic SNPs. Notably, in most examples of this, SNP nucleotides at these sites are shared with other rbcS paralogs in the same subspecies ( Fig. 1) (there was only one exceptional case: nucleotide position 581; Fig. 1 ). For instance, for Position 72 at rbcS5, the G and C in Nipponbare and 93-11, respectively, also existed in rbcS3, or rbcS2 and rbcS4 in the corresponding parents. This could reflect historical intergenic gene conversion, as has commonly been observed in other species . These SNP positions correspond to eight orthologous gene-specific and three allelic amino acid positions (Supplemental Fig. S5 and Supplemental Table S3) .
To characterize the possible functional divergence of orthologous SSUs, the loop regions between βA and βB strands, which form interaction sites with the LSU (Fig.  2) , were bioinformatically compared. Except for polymorphic lysine and arginine substitutions in the loop region of rbcS4 at Position 106 (Supplemental Fig. S5 ), the interactive loops were identical for all orthologs (Fig. 2) . This relative absence of sequence divergence suggests that in rice hybrids and allotetraploids, there may be only weak selective pressure for cytonuclear coordination among allelic and homeologous SSUs at these interaction regions.
Stochastic Gene Conversion Events Following Genome Doubling
After inferring the parental origin of each rbcS allele and homeolog in the hybrids and allotetraploids, we compared them with their corresponding parental copies. Within reciprocal hybrids, no nucleotide changes were detected. In other words, at the genomic level, no gene conversion occurred after the genome merger. However, among the allotetraploid individuals, exonic homeologous gene conversions were detected in each individual (Table 1) . In most cases, the conversion events could be either intragenomic or intergenomic (Table 1) . Among allotetraploid individuals, we did not detect any common conversion sites (Table 1) . Additionally, in terms of the gene conversion direction, there was no consistent direction shared by all or most conversion events (Table 1) . As for the functional implication of the detected gene conversions, between zero and seven amino acid conversions were inferred to occur (Table 1) , clustered at the βA/βB loop and/or the B strands in the C-terminal SSU domains (Table 1 ). An example of these inferences of gene conversions and their effects is shown in Fig. 3 , illustrating how most conversions were of undetermined types, whereas two were intergenomic, maternal-to-paternal conversions involving maternally diagnostic SNPs introduced into paternal rbcS homeologs at Positions 62 and 602 (Fig. 3) . Consequently, in the transit peptide region, the conversion at Position 62 introduced a nonsynonymous maternal phenylalanine into the paternal copy by replacing the original serine (Fig. 3) .
No Consistent Biased Expression of rbcS Alleles and Homeologs after Genome Merger and Genome Doubling
To assess the possible cytonuclear effects on transcription, we compared the transcript levels of parental rbcS alleles and homeologs in reciprocal hybrids and allotetraploids. The expression of each parental gene and allele was determined by the number of mapped sequencing reads (see Materials and Methods). As shown in Table 2 , rbcS2 and rbcS3 exhibited paternally biased expression in the reciprocal hybrids (biased to alleles originating from Nipponbare and 93-11 in 9N and N9 hybrids, respectively); however, for rbcS4 and rbcS5, maternal and paternal biased expression was observed within the reciprocal 9N and N9 hybrids, both of which had biased expression of the 93-11 allele. We conclude that there is no general pattern of biased rbcS expression in the rice hybrids.
To determine if biased rbcS expression arises following genome doubling, we quantified and compared the relative expression of parental rbcS homeologs in three allotetraploid individuals (99NN-5, 99NN-6, and NN99-3), chosen because they exhibit the most rbcS gene conversions (Table 1 and Table 2 ). The results were that in the same allotetraploid individual, different rbcS homeologs groups preferentially express different parental homeologs (Table 2 ). For example, we observed biased expression of paternal rbcS2, rbcS3, and rbcS5 and maternal rbcS4 homeologs in the 99NN-5 individual (Table  2) . Among the different allotetraploid individuals, the biased expression pattern was not consistent with respect to direction or gene (Table 2) . To determine if intergenomic gene conversions could affect homeologous gene expression, and especially whether maternal-to-paternal conversion could leverage "maternal-like" paternal rbcS homeologs, the relative expression of the rbcS homeolog with and without gene conversion in each homeolog group was compared in a pairwise way (Table 3 ). In the 99NN-5 allotetraploid, in the rbcS3 to rbcS5 groups, the paternal homeolog harboring conversions from the maternal copy (99NN-5-M→P) were expressed at a lower level than the corresponding paternal copy harboring no intergenomic conversions (99NN-5-P); similarly, in the 99NN-6 allotetraploid, for rbcS2, the maternal homeolog Table 1 . Gene conversions in reciprocal allotetraploid rice individuals derived from 93-11 (9) and Nipponbare (N).
99NN-1
Sequence name † rbcS2 ‡ rbcS5 ‡ 
99NN-1-M T (phenylalanine), G (lysine), T (leucine), C (isoleucine), G (valine) C (glycine), C (leucine), G (arginine), G (glycine), C (arginine), C (aspartic acid)
99NN-1-P®M C (serine), G (lysine), T (leucine), C (isoleucine), G (valine) G (glycine), C (leucine), G (arginine), G (glycine), C (arginine), C (aspartic acid)
99NN-1-M®P T (phenylalanine),
99NN-5-M T (phenylalanine), G (lysine), T (leucine) C (isoleucine) G (valine) C (arginine) T (serine) G (lysine) A (arginine) C (proline) C (proline) C (threonine) T (serine) T (phenylalanine) A (lysine) G (lysine) T (proline) C (aspartic acid) C (threonine) T (valine) C (glycine) C (leucine) G (arginine) G (glycine) C (arginine) C (aspartic acid)
99NN-5-P®M C (serine) G (lysine) T (leucine) C (isoleucine) G (valine) C (arginine) T (serine) G (lysine) A (arginine) C(proline) C (proline) C (threonine) C (serine)
None None
99NN-5-M®P T (phenylalanine) A (lysine) C (leucine) T (isoleucine) T (valine) A (serine) C (serine) A (lysine) G (arginine) T (proline) T (proline) T (threonine) T (serine)
C (phenylalanine) G (arginine) A (arginine) C (proline) T (aspartic acid) C (threonine) T (valine) C (glycine) T (leucine) A (arginine) A (glycine) T (arginine) T (aspartic acid) 99NN-5-P C (serine) A (lysine) C (leucine) T (isoleucine) T (valine) A (serine) C (serine) A (lysine) G (arginine) T (proline) T (proline) T (threonine) C (serine) C (phenylalanine) G (arginine) A (arginine) C (proline) T (aspartic acid) T (threonine) C (valine) G (glycine) T (leucine) A (arginine) A (glycine) T (arginine)
T (aspartic acid ) Transit peptide 1 0 0 0 bA or bB loop 0 2 4 2 b strands at the C-terminal end 4 3 2 1
99NN-6
rbcS2 rbcS3 
99NN-6-M T (phenylalanine) G (lysine) T (leucine) C (isoleucine) G (valine) C (arginine) T (serine) G (lysine) A (arginine) C (proline) C (proline) C (threonine) T (serine)
99NN-6-P®M C (serine) G (lysine) T (leucine) C (isoleucine) G (valine) A (serine) T (serine) G (lysine) A (arginine) C (proline) C (proline) C (threonine) T (serine)
99NN
NN99-3 rbcS2 rbcS5
NN99-3-M C (serine) A (lysine) C (leucine) T (isoleucine) T (valine) G (glycine) T (leucine) A (arginine) A (glycine) T (arginine) T (aspartic acid)
NN99-3-P®M T (phenylalanine) A (lysine) C (leucine) T (isoleucine) T (valine) G(glycine) T(leucine) A(arginine) A(glycine) T (arginine) C (aspartic acid) NN99-3-M®P
None None NN99-3-P T (phenylalanine) G (lysine) T (leucine) C (isoleucine) G (valine) C (glycine) C (leucine) G (arginine) G (glycine) C (arginine) C (aspartic acid) Transit peptide 1 0 bA or bB loop 0 2 b strands at the C-terminal 4 1 † For each rbcS homeolog in a specific allotetraploid individual (in both directions, 99NN and NN99), the parental origin and gene conversion direction are specified at the end of each sequence name; for example, "99NN-1-m" denotes rbcS homeologs originating from the maternal parent 93-11 (maternal homeolog) without gene conversions and "99NN-1-P®M" denotes the maternal rbcS homeologs hosting certain gene conversions in the paternal-to-maternal conversion direction. ‡ Specific rbcS homeolog groups hosting at least one intergenomic gene conversion. Diagnostic single nucleotide polymorphism (SNP) nucleotides of the corresponding rbcS homeolog are concatenated and highlighted by bold and underlined typeface, which correspond to maternal and paternal origins, respectively. Combinations of highlighted SNPs denote nucleotides involved in certain intergenomic gene conversions. Amino acids encoded by the relevant affected codons are specified in parentheses. Fig. 3 . Continued.
carrying conversions from the paternal copy (99NN-6-P→M) was expressed at a lower level than the original maternal copy without any gene conversions (99NN-6-M) (Table 3) . Finally, for the NN99-3 alletetraploid, homeologs with intergenomic conversions were not transcriptionally favored (Table 3) . We conclude that maternal-topaternal gene conversions did not cause higher transcriptional expression of converted SSU genes.
Discussion
It is widely accepted that allopolyploid plants often exhibit different genetic and epigenetic variations relative to their parental species. One underexplored dimension of allopolyploid speciation is the possible cytonuclear stoichiometric disruption caused by duplicated nuclear genomes in the context of having only one set of organellar genomes. Here, we investigated the evolutionary features of rbcS genes in diploid rice subspecies and characterized the cytonuclear coevolution of Rubisco genes (biparentally inherited nuclear rbcS and unimaternal plastid rbcL genes encoding SSUs and LSUs, respectively) in synthesized rice hybrids (9N and N9) and allotetraploids (99NN and NN99). Our study aimed to explore the genomic and transcriptional patterns accompanying the earliest stages of allopolyploidization and thereby gain insights into the pace of cytonuclear coevolution.
Concerted Evolution of rbcS Genes in Subspecies of Oryza sativa
Prior to considering rbcS genes in rice allotetraploids, it is necessary to analyze genic divergence in their diploid parents. Notably, it has commonly been observed that during speciation, rbcS genes evolve in a concerted homogenization pattern via gene conversions among clustered rbcS paralogs (Clegg et al., 1997; Meagher et al., 1989) . In the present case involving divergence between the subspecies japonica and indica of diploid rice, concerted evolution is also evident, as demonstrated by the sequence similarities among clustered paralogs (rbcS2-rbcS5 in rice), as described in other species (Gong et al., 2012 and the orthologous allelic SNPs obtained in the same diploid genome (Fig. 1) . If we consider this homogenization in the context of subspeciation, the former among-paralog similarity probably reflects homogenization among paralogous copies in the common ancestor of the two subspecies, whereas the latter were generated after subspeciation. The isolated and divergent rbcS1 gene copies represent an outlier case of copies escaping local homogenization, as observed in diploid species of other lineages as well . Given the tissue-specific expression pattern of rbcS1 orthologs in both rice subspecies (Morita et al., 2014) (Supplemental Fig. S4 ), it is reasonable to suggest that rbcS1 orthologs may have subfunctionalized before divergence of the indica and japonica subspecies. Accordingly, the rbcS genes in the two subspecies of rice display the same features of concerted evolution, with occasional escapes from sequence homogenization, as shown by other divergent, congeneric diploid species.
Cytonuclear Variation with no Genomic Change and Inconsistent Transcriptional Bias in Rice Hybrids
Intergenomic coordination between nuclear and organellar genomes is thought to be essential for successful hybridization (Burton et al., 2013) . With respect to hybrids, the maternal cytoplasm may exert selection on biparentally inherited rbcS alleles. In our previous work in cotton (Gossypium spp.) (Gong et al., 2012) , we detected no rbcS gene conversions at the initial stage of the genome merger. Here, we also saw no genomic changes in the rice hybrids. This suggests that rbcS alleles usually do not interact immediately after hybridization. At the transcriptional level, we observed inconsistent bias in expression of rbcS alleles, as opposed to the transcriptional pattern in hybrid Gossypium, in which maternal rbcS alleles from Gossypium arboreum L. (female) were preferentially expressed compared with the copies from the paternal parent, Gossypium raimondii Ulbr. (male). Possible casual factors that might explain this discrepancy include the different intrinsic properties of the two synthetic hybrids in terms of their extent of divergence in any number of factors that control transcriptional levels. The more ancient divergence between the two cotton parents (~5-10 million years ago) than that between the two rice subspecies (~9000 yr ago) is expected to lead to accumulation of more functional and/or structural differences in nuclear and cytoplasmic features of possible relevance, such as divergence of LSUs, the SSUs' cytoplasmic transportation chaperones being encoded by different nuclear genomes, different plastid membranes, etc. (Bruce, 2000; Lee et al., 2002) . This higher level of divergence might reasonably create cytonuclear imbalances and result in expression biases on genome mergers. In contrast, the more similar parental components in the rice hybrids, such as the identical LSUs, might permit a more variable transcriptional pattern of bias. It would be interesting to study a system of hybrids with progressively more divergent parents to assess these relationships more fully.
Variable Intergenomic Conversion and Inconsistent Transcriptional Bias in Allotetraploids
Our earlier studies in five classical natural allopolyploids have revealed the potential amelioration of cytonuclear conflict through preferential selection for intergenomic "maternal-to-paternal" conversions and biased expression of maternal rbcS homeologs (Gong et al., 2012 . In the present case, intergenomic gene conversions were observed, but different allotetraploid individuals harbored variable gene conversions in terms of their conversion direction and locations in different peptide regions. Thus there was little evidence for genomic cytonuclear coordination. Similar observations come from the young and recent (~80 yr ago) allopolyploid Tragopogon miscellus, in which no consistent preference for specific parental rbcS genes was observed in either synthetic or natural T. miscellus polyploid individuals (Sehrish et al., 2015) . Regarding the possibility of transcriptional bias, we observed random instead of maternally preferential rbcS expression, as is also the case in synthetic allotetraploids of T. miscellus (Sehrish et al., 2015) . Possible explanations for the absence of either genomic or transcriptional cytonuclear coordination include high parental sequence similarity, along with the likelihood that cytonuclear coordination after genome doubling may be a slowly coevolving process, at least relative to the time-scales of the divergences encompassed in the present study. Continuous analyses over successive generations into the future may supply interesting information bearing on the pace of cytonuclear co-evolution. Here, we further extend the results of the cytonuclear variation of Rubisco genes in natural allopolyploids to the nascent rice allotetraploid lineage, which allows us to explore how the cytonuclear coordination was established and evolved during the formation and evolution of allopolyploids. Accordingly, we determined that in young rice allopolyploids, there is no favored cytonuclear coordination on the genome merger and after genome doubling. It is undoubted that our analyses focus only on the coordination of Rubisco genes at the genomic and transcriptional levels; much more researches is needed to complete the cytonuclear model in other dimensions, including exploring the coordination in other cytonuclear coencoded complexes, involving more allopolyploid lineages of different occurrence ages into current analytical frameworks, and analyzing the transportation and incorporation of nuclear-encoded proteins into organelles.
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